Mechanosynthesis of La 1-x Sr x MnO 3 (x = 0, 0.25, 0.5, 0.75 and 1) was carried out at room temperature from stoichiometric mixtures of La 2 O 3 , Mn 2 O 3 and SrO, obtaining monophasic powders with the perovskite structure. Physical properties of these materials and their chemical compatibility with the electrolyte yttria stabilized zirconia (YSZ), which depend strongly on the La/Sr ratio, were evaluated to corroborate availability to be implemented as cathode material in solid oxide fuel cells (SOFCs).
Introduction
Solid Oxide Fuel Cells (SOFCs) have been widely studied in the last decade in order to reach a blue economy concept: "a zero emission world" [1] . SOFCs are specially interesting because of their advantages respect to the other types of fuel cells: theoretical efficiency of 80-90%, lower costs, fuel flexibility and better stability with time, although the operation temperature is still too high between 800-1000 °C for practical application [2, 3] .
Different mixed ionic-electronic conductors with perovskite structure have been proposed in the last few years as potential cathode materials for SOFC, such as cobaltites, ferrites, nickelates and double perovskites [3] ; however, they usually exhibit chemical and thermal expansion incompatibilities with yttria stabilized zirconia (YSZ) electrolyte. Sr-doped lanthanum manganites, La 1-x Sr x MnO 3 (LSM), are the most common cathode material used in SOFC systems due to their high stability under oxidant atmospheres and high temperatures compared to other alternative materials [4] .
Synthesis of these materials has been extensively studied using different synthetic routes, but the mechanochemical method itself (not as activation ) is not yet a common one [5] . Mechanochemistry is a relative simple process that uses high-energy ball mills and permits production among others of nanostructured mixed oxides [6] . The mechanical energy from impact and shear forces by application of a high frequency movement is transferred to the powder inducing solid state chemical reactions. One of the most important advantages of mechanochemistry is its capability to produce large material quantities at room temperature and in a very short time.
In the present work, a study of the chemical and physical properties of La 1-x Sr x MnO 3 (LSM) system obtained by mechanosynthesis was carried out as small differences in the La/Sr ratio cause significant changes in the cathode performance. A structural study of this system, also prepared by mechanochemistry, was recently published by Sayagués et al. [7] , although smaller amounts of samples were synthesized. A summary of the obtained structural results is presented here also to demonstrate the scalability of mechanochemistry. Chemical compatibility between cathode and electrolyte and electrical properties of the cathode were measured in a cell that was built using the synthesized LSM as cathode and YSZ as electrolyte. Table I . P samples were then uniaxially pressed into pellets of 12×5 mm (microstructural characterization) or 12×1 mm (total conductivity) and sintered in air at 1300 °C for 8 h with a heating rate of 10 °Cmin -1 and free cooling (H samples).
Experimental
Structural characterization and phase identification were carried out by a PANalytical X'Pert Difractometer. X-Ray Diffraction (XRD) patterns were scanned between 10-80° in 2θ and step-scan mode, using a step of 0.05° and an acquisition time of 320 s. Peaks were indexed using X'Pert HighScore Plus and FullProff and WinPlot softwares [8, 9] The total conductivity of the pellets (H samples) was determined by the four-point Van der Pauw method between 100 and 900 ºC during the cooling process [10] . The area-specific polarisation resistance (ASR) values were obtained under symmetrical atmospheres in a two electrode configuration. Dense YSZ pellets (8% Y 2 O 3 Tosoh), of 10 mm of diameter and 1 mm of thickness were obtained at 1400 ºC for 5 h. The symmetrical cell of LSM cathode and YSZ electrolyte was prepared by screen printing using a slurry of 50 wt% LSM (P samples) and 50 wt% Terpineol; and then sintered at 1100 ºC for 1h [10] . Impedance spectra of the cells was performed using a Solartron 1260 FRA, at open circuit voltage (OCV), in the 0.01-10 6 Hz frequency range with an ac signal amplitude of 50 mV. The spectra was analysed by using the ZView software [11] .
Results and Discussion

Microstructural and structural analysis
XRD results of the La 1-x Sr x MnO 3 samples obtained by mechanochemistry are presented in Figure 1a . In the powder samples P1-P4, all the maxima were indexed in a pseudo-cubic symmetry (Pm-3m, 221) because the small size of coherent diffraction domains (the peaks are wide) did not allow resolving the real crystal symmetry.
However, sample P5 (x = 1) exhibited some extra XRD peaks that indicated the formation of the hexagonal symmetry (P6 3/ mmc, 194). Similar results were found in our previous work [7] ; although in that case all milled samples presented the pseudo-cubic symmetry ( Fig. 2 in ref. [7] ). This difference could be due to the higher milling intensity regime used in [7] (ball-to-powder ratio (BPR) of 92 instead of 31 as in present work), which probably induced a further decreasing of the coherent diffraction domains. After the sintering treatment (Fig. 1b) , samples P1-P4 developed the rhombohedral structure (R-3c, 167; H1-H4 samples), whereas sample P5 maintained the same hexagonal symmetry (H5). Unit cell dimensions for each phase and the average crystallite sizes (D) are presented in Table II . As can be deduced from the large broadening of reflections in Fig. 1a the crystalline domain of the as-prepared samples is very small, around 15 nm. Comparing H and P samples, the size of the diffraction domains of sintered samples has significantly increased (about 200 nm) as can be inferred from the narrower XRD peaks observed (Fig. 1b) .
When La 3+ is substituted for Sr 2+ in LaMnO 3 lattice, an amount of Mn 3+ converts into Mn 4+ to maintain the crystal electroneutrality and the anisotropic deformation due to the Jahn-Teller effect is reduced. If the lattice parameters of the samples are analyzed (Table II ; P5 parameters could not be calculated appropriately since all the hexagonal peaks were not sufficiently resolved), it can be observed that when x value increases, a parameter decreases (for both P and H samples) while the solid solution remains.
However, when the total La is substituted by Sr (H5), a parameter shows an increase as a result of the change in the symmetry group (P6 3/ mmc, 194). Simultaneously, an increase of c parameter (for H samples) occurs from x = 0 to x = 0.5 and then it slightly decreases for x = 0.75. This variation in c parameter can be caused by a preferential occupation of atom positions in the cell as it was proposed by Jang et al. [12] . Finally, c achieves a value of 9.0762 Å for H5 sample given place to the hexagonal structure. All of these effects are reflected in a volume cell variation resulting in a decrease from again this change is due to the formation of the new hexagonal unit cell with smaller c parameter.
Relative density measurement of the pellets (H samples) has shown values close to 80% (Table II) , showing a slight increase with increasing the Sr content while maintaining the solid solution (the rhombohedral structure). However, for x = 1 (H5),
where there is a structural change, the relative density slightly decreases. All of these results are in accordance with our previous work [7] , which demonstrates the scalability of mechanosynthesis as it is possible to obtain 6 g instead of 2 g (in 1 h of milling) of LSM material only by incrementing slightly the milling time (see table I ). This makes evident some of the advantages of mechanochemistry over other synthetic methods, since the traditional ceramic method requires a temperature of 1000-1200 ºC [13] ; or its scalability contrasted with Pechini, citrate [14] or plasmaspraying methods [15] [16] [17] .
Cathode-Electrolyte Interface
Chemical compatibility between the electrodes and the electrolyte is an important 
Electrical properties
The substitution of Sr 2+ for La 3+ increases the content of Mn 4+ in the structure as it has been mentioned above, creating electronic holes for keeping charge neutrality [18] .
For this reason, LSM is p-type electronic conductor under oxidant atmosphere [19, 20] :
But not only electronic conductivity is present, also ionic conductivity due to the fact that vacancies are introduced for non-stoichiometric oxygen content and aliovalent substitution. This kind of defects is powered by mechanosynthesis as shear forces and impacts are applied to powders. 
